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Edited by Christian GriesingerAbstract The Escherichia coli ATP-dependent protease Lon
degrades ribosomal S2 protein in the presence of inorganic poly-
phosphate (polyP). In this study, the process of the degradation
was investigated in detail. During the degradation, 68 peptides
with various sizes (4–29 residues) were produced in a processive
fashion. Cleavage occurred at 45 sites, whose P1 and P3 positions
were dominantly occupied by hydrophobic residues. These cleav-
age sites were located preferentially at the regions with rigid sec-
ondary structures and the P1 residues of the major cleavage sites
appeared to be concealed from the surface of the substrate mol-
ecule. Furthermore, polyP changed not only the substrate prefer-
ence but also the oligomeric structure of the enzyme.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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protein1. Introduction
Escherichia coli Lon protease is a cytosolic ATP-dependent
protease [1]. The enzyme is a homooligomer, whose monomer
is composed of the three individual domains, the N-terminal
domain, the central ATPase domain and the C-terminal pro-
tease domain [2]. Like the other ATP-dependent proteases
including proteasome, ClpAP, ClpXP, HslVU and FtsH,
the enzyme degrades defective or damaged proteins and
short-lived regulatory proteins, and thereby contributes to
the quality control of intracellular proteins and the modula-
tion of various cell functions, respectively [3–5].
Recently, the enzyme, but not the other ATP-dependent pro-
teases, has been shown to degrade a novel type of substrates,
i.e., ribosomal proteins including S2, L9 and L13 [6]. The deg-
radation of these proteins depends on inorganic polyphosphate
(polyP), a linear polymer of several hundreds of orthophos-
phate residues, unlike the degradation of the hitherto-known
substrates. In E. coli, the level of polyP is low in the exponen-
tial phase of growth, but increases more than 100-fold and
polyP accumulates up to 20 mM in response to acute stresses*Corresponding author. Fax: +81 426 76 7157.
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doi:10.1016/j.febslet.2005.11.026such as amino acid starvation and multiple stresses in the sta-
tionary phase [7,8]. Thus, the degradation of ribosomal pro-
teins presumably contributes to the supply of amino acids
responding to starvation.
It is interesting how the enzyme recognizes and cleaves the
ribosomal proteins in the presence of polyP. To elucidate this
point, we investigated the action of the enzyme with the ribo-
somal S2 protein in vitro. As a result, the degradation process
in a processive fashion and the characteristic localization of the
cleavage sites in the primary, secondary and tertiary structures
of the substrate were demonstrated. Furthermore, polyP was
shown to change not only the substrate preference but also
the oligomeric structure of the enzyme.2. Materials and methods
2.1. Preparation of proteins
Recombinant Lon was prepared from E. coli harboring an expres-
sion plasmid for the enzyme using T7 promotor (manuscript in prepa-
ration). The expressed enzyme was puriﬁed as described in [1]. S2 was
cloned into the SapI–PstI site of pTYB11 (New England Biolabs) with
an N-terminal intein tag and expressed in E. coli BL21(DE3) strain.
Cells were collected after 3-h induction with 0.4 mM isopropyl-b-D-
thiogalactopyranoside at 37 C, resuspended in buﬀer A (20 mM
Tris–HCl, 500 mM NaCl and 1 mM EDTA, pH 8.0) containing
0.1% Triton X-100 and lyzed by sonication. The lysate was clariﬁed
by ultracentrifugation and applied to a chitin beads column (New Eng-
land Biolabs). The column was washed by 10 column volumes of buﬀer
A and ﬂushed by three column volumes of buﬀer A containing 50 mM
dithiothreitol. After incubation for 40 h at 4 C, S2 released from the
intein tag was eluted by buﬀer A containing 50 mM dithiothreitol.
The protein fraction was concentrated, conﬁrmed to possess the proper
N-terminal sequence by an amino acid sequencer (model 477, Perkin–
Elmer) and used for further experiments. SulA was prepared from the
maltose-binding protein (MBP)-SulA fusion protein prepared from
E. coli harboring an expression vector for the protein, as described pre-
viously [9].
2.2. Sodium dodecylsulfate–polyacrylamide gel electrophoresis
(SDS–PAGE) analysis
S2 (25 lg) and SulA (25 lg) were separately incubated at 37 C with
2.5 lg of Lon in 50 ll of buﬀer B (50 mM Tris–HCl and 10 mM
MgCl2, and pH 7.4) in the presence or absence of 2.5 mM ATP and
28.6 mM polyP (M.W. P 75 Pi, Sigma. The concentration of polyP
was shown as based on Pi residues.). After 60-min incubation, a 5-ll
aliquot was withdrawn from each reaction mixture and the reaction
was stopped by addition of 5 ll of the SDS–PAGE sample buﬀer.
These samples were analyzed by SDS–PAGE followed by Coomassie
Brilliant Blue R250 staining.blished by Elsevier B.V. All rights reserved.
Fig. 2. HPLC proﬁles of the degradation products after the 5-, 15-, 60-
min incubations.
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S2 (250 lg) was incubated with 25 lg of Lon in 500 ll of buﬀer B
containing 2.5 mM ATP and 28.6 mM polyP at 37 C. After 5, 15
and 60 min, 100-ll aliquots were withdrawn from the reaction mix-
ture, and the reaction was stopped by addition of 15 ll of 100%
(w/v) trichroloacetic acid. 100 ll of each sample was then applied
to a high-performance liquid chromatography (HPLC) apparatus
(1100 series, Agillent Technology) with a TSKgel-ODS-H120T col-
umn (150 · 2.2 mm, Tosoh), connected to an LCQe-DUO ion trap
mass spectrometer (Thermo Electron) with an electrospray ionization
probe. Elution was performed with a gradient of acetonitrile (0–60%
in 60 min) in 0.1% triﬂuoroacetic acid at a ﬂow rate of 0.2 ml/min.
The yields and amino acid sequences of the product peptides were
determined from the absorbance at 215 nm and mass spectra of the
original and fragmented ions, respectively, as described in [9–12].
2.4. Gel ﬁltration chromatography
50 lg of Lon was incubated at 37 C for 30 min with or without
2.8 mM polyP in 100 ll of buﬀer B containing 10 mM MgCl2 and
2.5 mM ATP. Each reaction mixture was then applied to an AKTAex-
plorer 10S with a Superdex 200 HR 10/30 column (Amersham Biosci-
ences) and eluted with 50 mM Tris–HCl buﬀer, pH 7.4, containing
100 mM NaCl, 10 mM 2-mercaptoethanol and 30% glycerol, at a ﬂow
rate of 0.3 ml/min. Molecular weight markers used were thyroglobulin
(669 kDa), ferritin (440 kDa) and catalase (232 kDa) obtained from
Amersham Biosciences.3. Results
3.1. Eﬀects of polyP on degradation of S2
We prepared the recombinant ribosomal S2 protein and
incubated it with Lon in the presence of ATP. Upon SDS–
PAGE analysis, the substrate was degraded almost completely
within 60 min in the presence of polyP (Fig. 1), whereas only a
partial degradation was observed in the absence of polyP. Un-
der the same conditions, SulA, a well-known intracellular sub-
strate of the enzyme, was degraded almost completely in the
absence of polyP as described previously [9], whereas polyP
strongly inhibited the degradation of SulA. On the other hand,
S2 as well as SulA was not degraded signiﬁcantly in the ab-
sence of ATP regardless of the absence or presence of polyP.
3.2. Processive degradation of S2
We analyzed the HPLC proﬁles of the degradation products
obtained by the action of the enzyme with S2 in the presence of
ATP and polyP. As a result, 68 peptide peaks were shown to be
generated and their amounts increased time-dependently
(Fig. 2). Essentially the same results were obtained in the ab-
sence of polyP, though the degradation rate was much slower
without polyP (not shown). Notably, the relative ratios of each
peak area were essentially the same among the 5-, 15- and 60-
min incubations, indicating that the degradation of S2 by the
enzyme should take place in a processive fashion, in which
the ﬁnal products are produced without release of the degrada-
tion intermediates.Fig. 1. Eﬀects of polyP on the susceptibility of S2 and SulA toward
Lon.3.3. Location of cleavage sites on the primary structure of S2
Based on the mass spectra of the original and fragmented
ions, we determined the amino acid sequences of the peptides
in the 68 peptide peaks and mapped them on the primary
structure of S2 (Fig. 3). The sizes of the peptides ranged from
4 to 29 residues (means ± S.D. 11.7 ± 6.5). Fig. 4 shows the
amino acids at the P5–P1 and P
0
1–P
0
5 positions of the 45 cleav-
age sites. Among them, the enzyme was found to possess a dis-
tinctive amino acid preference for the P1 positions; the
positions are occupied dominantly by hydrophobic residues
(35 of 45 sites) and partly by uncharged polar residues (10 of
45 sites). No charged residue is observed in the P1 positions.
In addition, the P3 positions are occupied preferentially by
bulky hydrophobic residues (26 of 45 sites) and partly by
charged residues (15 of 45 sites). Neither small nor uncharged
polar residue is preferred in the P3 positions, especially for the
major and medium cleavage sites.
3.4. Location of cleavage sites on the secondary and tertiary
structures of S2
We mapped the cleavage sites in the higher-order structure
model of S2 (PDB 1P87), which was deduced from the exper-
imental density maps obtained from cryo-electron microscopy
[13]. As a result, the cleavage sites, except for those in the N-
terminal 1–27 residue sequence, are shown to be dominantly
located at regions with the secondary structures, a-helices
and b-strands (Fig. 3). At the tertiary structure level, most of
the residues at the P1 positions of the major cleavage sites ap-
peared to be located in the inside of the substrate molecule
rather than at the molecular surface (Fig. 5).
3.5. Eﬀect of polyP on the oligomeric state of Lon
Based on the elution positions of the enzyme upon gel ﬁltra-
tion chromatography, the molecular weights of the enzyme in
the presence and absence of polyP were estimated to be 374
and 705 kDa, respectively (Fig. 6). Thus, the enzyme seems
most likely to be a tetramer (calculated M.W., 348 kDa) in
the absence of polyP and an octamer (calculated M.W.,
696 kDa) in the absence of polyP, since no degradation of
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Fig. 3. The locations of cleavage sites in the primary structure of S2. The number for each peptide stands for the peak number (see Fig. 2), and that in
parentheses the yields (%) after 60-min incubation. Large, medium and small arrowheads indicate the major, medium and minor cleavage sites,
respectively (see Fig. 4). The secondary structure is obtained from PDB 1P87.
6848 W. Nishii et al. / FEBS Letters 579 (2005) 6846–6850the enzyme both in the presence and absence of polyP was ob-
served upon SDS–PAGE analysis (not shown).4. Discussion
In this study, polyP was shown to accelerate the degradation
of the recombinant S2 protein and decelerate that of the hith-
erto-known substrate SulA (Fig. 1). This is consistent with the
recent report about the eﬀects of polyP on the degradation of
the natural S2 and the MBP–SulA fusion protein by the en-
zyme [14]. Since polyP has been reported to bind to the ATP-
ase domain of the enzyme [14], the binding might aﬀect the
recognition of substrates by the ATPase domain, and thereby
change the substrate preference. PolyP may enhance the bind-
ing of S2 to the ATPase domain through speciﬁc interaction
with the N-terminal basic cluster region of S2, whereas SulA
has no such region or rather has an acidic cluster region in
the middle of the molecule [9,10], which would hinder such a
speciﬁc interaction. On the other hand, the enzyme produced
68 peptides with various sizes (4–29 residues) in an ATP-
dependent and processive fashion during the degradation of
S2 both in the presence and absence of polyP. This is similar
to the results obtained with other substrates such as kN, CcdA
and SulA [9,15,16]. The fact that the processive degradation
process of proteins was observed regardless of the absence or
presence of polyP, suggesting that polyP does not aﬀect the
function of the protease domain of the enzyme.Among the residues around the cleavage sites (Fig. 3), the P1
positions were occupied dominantly by hydrophobic residues
but never by charged ones, as summarized in Fig. 4. This is
similar to the results obtained for the degradations of kN,
CcdA and SulA [9,15,16], consistent with the supposition that
polyP does not aﬀect the function of the protease domain of
the enzyme. In addition, the enzyme appeared to somewhat
prefer bulky hydrophobic residues at the P3 positions. Thus,
the residues at the P1 and P3 positions, especially the former,
is thought to be important for the recognition by the enzyme
and to deﬁne the locations of the cleavage sites in the primary
structure of the substrate.
As mapped on the secondary structure of the substrate, the
cleavage sites were shown to be preferentially located in the
regions with a-helices or b-strands, except for those in theN-ter-
minal 1–27 residue region (Fig. 3). This suggests that the enzyme
unfolds these structures before cleavage, since peptide bonds
located at such rigid structures are thought to be rather resistant
to proteolysis. However, some other ATP-dependent processes,
such as translocation of the substrates to the active site of the
enzyme, should be also needed since cleavage in the N-terminal
1–27 residue region of S2, which possesses no secondary struc-
ture, was also cleaved in an ATP-dependent manner.
As in the tertiary structure of the substrate, it is remarkable
that most of the residues at the P1 positions of the major cleav-
age sites appeared to be located in the interior region of the
substrate hidden from the molecular surface (Fig. 5). This is
consistent with the fact that the P1 positions are dominantly
Fig. 5. Locations of the residues at the P1 positions of the major
cleavage sites in the tertiary structure of S2. The backbone structure
and Ca atoms of S2 (PDB 1P87), whose N-terminal 5 residues are
missing, are shown in Worms (A) and Space Fill (B) model,
respectively, using the Cn3D software (http://www.ncbi.nlm.nih.gov/
Structure/CN3D/cn3d.shtml). The residues at the P1 positions of the
major cleavage sites (see Fig. 4) are shown in yellow. The backside
views are also shown. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this
article.)
Fig. 6. Elution positions of Lon in the absence (polyP) and presence
(+polyP) of polyP on gel ﬁltration chromatography.
 
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
            
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
            
  
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
      
 
     
            
            
            
 
Fig. 4. Amino acid residues at the P5–P1 and P
0
1–P
0
5 positions. The
cleavage sites are shown in the decreasing order of the hydrolysis rate
estimated and categorized to three groups, i.e., major (P 35% hydrolysis),
medium (8–25% hydrolysis) and minor (65% hydrolysis). Hydrophobic
residues (Ala, Ile, Leu,Met, Phe, Pro, Trp, Val), uncharged polar residues
(Asn, Gln, Gly, Ser, Thr, Tyr) and charged residues (Arg, His, Lys, Asp,
Glu) are shown in yellow, blue and red, respectively. Small residues (Ala,
Cys, Gly, Ser, Thr) are enclosed with squares. Arrows indicate the
cleavage sites. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
W. Nishii et al. / FEBS Letters 579 (2005) 6846–6850 6849occupied by hydrophobic residues, which tend to be located in
such regions of protein molecules in general [17]. Thus, the
substrate in the folded state should be prevented from degra-
dation since the residues at the P1 positions seem to be impor-
tant for the recognition by the enzyme. This suggests that the
enzyme is capable of unfolding the tertiary structure as well as
the secondary ones of the substrate prior to cleavage. This sup-
position is consistent with the recent report that the enzyme
hydrolyzes ATP before peptide bond cleavage [18]. The
unfolding process might be carried out by the ATPase domain
of the enzyme, like the cases of the heterooligomeric
6850 W. Nishii et al. / FEBS Letters 579 (2005) 6846–6850ATP-dependent proteases including ClpAP, ClpXP and HslUV
whose ATPase subunits belong to the Clp/HsP100 chaperone
family and possess protein unfoldase activity [19,20].
On the other hand, the results of gel ﬁltration chromatogra-
phy indicated that polyP causes dissociation of the oligomeric
structure of the enzyme. Since polyP binds to the ATPase do-
main as mentioned above [14], the change in the oligomeric
structure of the enzyme might be carried out by the domain.
So far, the oligomeric structure of the enzyme has not yet been
fully clariﬁed. The enzyme was ﬁrst shown to be a tetramer by
gel ﬁltration chromatography [21], and subsequently to be an
octamer from the sedimentation coeﬃcient and the Stokes ra-
dius [1]. More recently, the protease domain separated from
the intact enzyme has been shown to be a hexamer by X-ray
crystallography [22]. On the other hand, the Saccharomyces
cerevisiae Lon was shown to be a heptamer by electron micros-
copy [23] and the Mycobacterium smegmatis Lon was assumed
to be in a state of equilibrium between hexamer, tetramer and
dimer, or between hexamer and trimer depending on the con-
centration of Mg2+ as based on the sedimentation coeﬃcients
[24]. The discrepancy among the past reports is presumably
due to the dynamic change in the oligomeric structure of the
enzyme. This suggests that various cellular events, such as
changes in the polyP concentration, modulate the oligomeric
structure of the enzyme.
Taken together, we propose a model that the ATPase do-
main of the enzyme binds proteins, of which the preference
is modulated by the speciﬁc interaction of the proteins with
PolyP and the polyP-induced change in the oligomeric struc-
ture of the enzyme, unfolds the bound proteins, and translo-
cates them into the protease domain of the enzyme, which
cleaves peptide bonds of the proteins and releases the ﬁnal deg-
radation products. This model accounts well for the degrada-
tion process of the enzyme, though further detailed studies,
especially for the relationship between the oligomeric structure
and the substrate preference of the enzyme, are required for
clarifying this point.
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